The intent of t h s paper is to cross-correlate the information obtained by space charge profile analysis and electroluminescence (EL) detection in cross-linked polyethylene samples submitted to dc fields, with the objective to make a link between space charge phenomena and energy release as revealed by detection of visible photons. Space charge measurements carried out at different electrical fields by the pulsed electro-acoustic method show the presence of a low-field threshold, close to 15 to 20 kV/mm, above which space charge begins to accumulate considerably in the insulation. Charges are seen to cross the insulation thickness through a packet-like behavior at hgher fields, starting at about 60 to 70 kV/mm. EL measurements show the existence of two bstinct thresholds, one related to the permanent excitation of EL under voltage, the other being transient EL detected upon specimen short-circuit. The former occurs at values of field corresponding to space charge packet formation, and the latter to the onset of space charge accumulation. The two techniques give therefore consistent information on space charge phenomena and associated energy release in the optical EM spectrum. Introduction Measurements of electrical properties useful for insulation characterization and for aging diagnosis were carried out by different research groups in the framework of the European project "ARTEMIS" (Aging and Reliability Testing and Monitoring of Power Cables : Diagnosis for Insulation Systems). with the aim to investigate the degradation mechanisms and to evaluate reliability of high voltage cross-linked polyethylene (XLPE) cables. Among these properties, space charge, chargingdischargmg current, potential decay and electroluminescence (EL) are related to charge injection and transport. There is a general agreement among researchers that electrical aging of synthetic insulation used in high voltage cables could be started by space charge accumulation. However, there is no clear picture of the nature of the degradation reaction that would be involved at a microscopic level. Electroluminescence emission enables the space charge phenomenology to be linked with the release of energy due, for example, to radiative charge recombination. It is therefore of importance to be able to define the level of fields and associated space charge profiles that are liable to give rise to luminescence excitation since EL is the evidence for the existence of highly reactive excited states of the insulation that could promote accelerated aging [l]. This paper presents and discusses the results obtained fmm space charge and EL measurements, focusing on the limits of electrical field (thresholds) which promotes spaice charge formation and luminescence excitation.
Introduction
Measurements of electrical properties useful for insulation characterization and for aging diagnosis were carried out by different research groups in the framework of the European project "ARTEMIS" (Aging and Reliability Testing and Monitoring of Power Cables : Diagnosis for Insulation Systems). with the aim to investigate the degradation mechanisms and to evaluate reliability of high voltage cross-linked polyethylene (XLPE) cables. Among these properties, space charge, chargingdischargmg current, potential decay and electroluminescence (EL) are related to charge injection and transport. There is a general agreement among researchers that electrical aging of synthetic insulation used in high voltage cables could be started by space charge accumulation. However, there is no clear picture of the nature of the degradation reaction that would be involved at a microscopic level. Electroluminescence emission enables the space charge phenomenology to be linked with the release of energy due, for example, to radiative charge recombination. It is therefore of importance to be able to define the level of fields and associated space charge profiles that are liable to give rise to luminescence excitation since EL is the evidence for the existence of highly reactive excited states of the insulation that could promote accelerated aging [l] . This paper presents and discusses the results obtained fmm space charge and EL measurements, focusing on the limits of electrical field (thresholds) which promotes spaice charge formation and luminescence excitation.
Experimental procedures The measurements are performed on peels cut from unaged cross-linked polyethylene (XLPE) cables produced specifically for the project [2] , having width 80 mm and mean thickness 150 pun. Before testing, specimens were pretreated in an oven for 48 h at 50°C in order to expel cross-linking by-products. Space charge observations were made by the pulsed electroacoustic technique (PEA) at various constant dcvoltage levels varying from 1 to 150 kV/mm. The poling scheme usually consisted of a poling time (I0000 s) and a depolarization (volt-off) time, when the specimen is short-circuited, lasting 2000 s. However, longer term experiments in which poling and depolarization lasted for 48 hours were also performed. The electrodes were made of semicon (high voltage, anode) and aluminium (cathode). Tests with gold electrode,^ prepared by cold sputtering were also carried out [2, 31. Electroluminescence was detected through a photomultiplier (PM) working in photon counting mode, using specimens metallized on both surfaces with semitransparent layers of gold deposited by cold sputtering. EL measurements were carried out during polarization and depolarization at various IIC poling fields. In the procedure adopted for measuring EL under DC the voltage was increased in constant steps up to a maximum value, and then decreased with the same voltage steps. EL is recorded at constant voltage both in the increasing and decreasing cycle. The wailing time at each step is relatively short (300 s upon increase, 150 s upon decrease), so that one cannot consider that the steady state value of the current is reached. As no evidence of an EL transient was detected, the values have been averaged over the whole time range at each step. A sampling time of one second was adopted for these measurements. Two voltage cycles were applied consecutively on the same sample: -0/120/0 kV/mm, with steps of 4.0 kV/mm -0/150/0 kV/mm, with steps of 5.3 kV/mm. The procedure adopted to measure EL during depolarization was slightly different. We have already reported that under short-circuit conditions, the EL is a transient process occurring immediately after grounding the sample [4] . The analysis of the EL decay necessitates a shorter sampling time which has been chosen to be 10 ms. Voltage was applied to the specimen by using a high voltage switch which allows the sample to be grounded after a specified polarization time. The length of the polarization time was chosen to be 3600 s, which allows sufficient space charge accumulation in the sample. The length of the depolarization time was also 3600 s. The voltage was then increased and the experiment was repeated. Measurements were camed out from 10 kV/mm up to 90 kV/mm, in steps of 5 kV/mm.
Results and discussion Figure 2a . A threshold below which the EL emission is lower than the measuring system sensitivity and above which the EL signal is steeply increasing in magnitude is clearly detectable close to 20 kV/mm. The time dependence of the luminescence after short-circuit is also shown in Figure  2b for a field level of 80 kV/mm. It is noteworthy that the threshold value detected by means of EL observations under short-circuit is significantly lower than the previously inferred permanent EL threshold estimates, relevant to measurements carried out under field. Actually, the above-described experimental procedure allows, through the EL measurements camed out during depolarization, the detection of signals coming from charge recombination forced by the short-circuit condition, that occurs at fields much lower than those required for permanent EL detection. In other words, this procedure is able to provide early and sensitive indications of the presence of space charges, and thus of the electrical field above which space charge is accumulated in the material under test. Turning now to the excitation mechanism of the EL, it is noteworthy that in the last stage of the process, light is always generated by annihilation of a pair of positive and negative charges, either trapped at different sites, or bonded to the same center, the so-called Wannier exciton. As always in EL processes, the question is to know what is the mechanism of generation of the pair. When carriers of both polarities are involved in charge bansport, there is a strong probability that the light comes from recombination of charged particles of opposite polarity if they are able to interact. This does not mean however, that one must necessarily observe charge regions of opposite polarity in space charge measurements since such measurements always yield the net charge density in a given region. A correlation of the space charge profiles with the two different EL regimes is nevertheless of interest and is reported further on. When only one kind of carrier contributes to the transport mechanism, EL would be excited when these carriers reach a kinetic energy able to generate the pair by impact excitation or impact-ionization (hot carrier effects). In this case EL may also be produced by molecular excitation and the Merent possibilities can only be resolved by recourse to the EL emission spectrum. It has not been possible to record the EL emission spectrum under DC stress, however, we have analyzed it under AC (previous stubes have shown that for a given material, EL spectra have similar spectral features under DC and AC [ 5 ] ) . The AC spectrum is shown in Figure  3 , where it is compared to the spectrum of the light emitted by the same XLPE material during the recombination of positive and negative charges, in the absence of an applied field (i.e. the excitation mechanism cannot be due to hot carriers) [6] . Even ilf all the spectral features of the EL spectrum cannot be fully interpreted on the basis of the so-called recombination-spectn, it is clear that the latter is a component of the former. Other indications that cannot be dxcussedi in this paper point towards an EL controlled by the rt:combination of charges in the presence of two types of carriers (i.e. without the mediation of hot electrons). Further indxations come from the space charge distribution. The PEA measurements show that below fields of the order of 15-20 kV/mm the space: charge magnitude is at the sensitivity limit of the used qystem, which is close to 0.1 C/m3. Above 20 kV/mm charge begins to accumulate considerably as function of applied field. Qualitative examples of this behavior are givlen by the space charge profiles reported in Figure 4 . They were obtained after 10000 s of poling at 15 and 35 kV/mm, respectively. As can be seen, while no charge can be detected at 15 kV/mm, a small but appreciable amount of heterocharge appears at 35 kV/mm. Figure 5 . From this plot (hereafter called the threshold characteristic), the threshold above which space charge begins to accumulate in insulation can be easily determined, i.e. above 20 kV/mm from Figure 5 . It is noteworthy that this value is close to the one obtained for EL measurements (Figure 2 ) and that it does not change significantly for gold-coated or uncoated specimens. The good correspondence between the threshold estimates obtained by space charge and EL techmques shows that each technique provides consistent information regarding the space-charge formation phenomenon. Thus space-charge accumulation observed by PEA and electroluminescence produced by trapped charges during depolarization constitute Merent aspects of the same process. In order to investigate the recombination phenomena giving rise to the permanent EL threshold, EPP, the 3D space-charge pattems describing space charge evolution with time should be considered. Figures 6 and 7 show space charge pattems obtained during polarization and depolarization at 60 and 90 kV/mm. The intensity of the charge is associated with the darkest tone of gray (with the exception of the electrodes, where the maximum intensity, saturating the tones to the white color, is achieved). Initially, as can be seen, at 60 kV/mm and, more clearly, at 90 kV/mm, positive and negative charge packets tend to leave the electrodes and cross the insulation. When the fronts of the packets meet each other, charges can recombine and only one packet prevails, reaching the opposite electrode. Such a process would yield EL almost immediately after voltage application, and is a likely origin for the 'permanent' EL observed in the DC ramp experiment because of the limited time available (300s) for measurement on the steps (however, we must point out that the ramped EL measurements involve a sort of memory effect related to the contribution to charge injection and transport of all the steps preceding the one at which evaluations are made) . The PEA measurements at the higher fields (E2120kV/mm) typically show charge packets of one polarity crossing the insulation, followed by a packet of opposite polarity, with timedecreasing intensity. In some of the long-term experiments the packets are not observed until after a waiting period of some hours dud o n and subsequently die away over very long times. Because of the limited time scale and the interaction between positive and negative charge injection mechanisms, our experiments do not show whether or not single packets give rise to EL, though EL would be expected on the basis of the extent modeis for the process [7] . These models imply a process whereby the packet is actually a travelling field-ionization front with recombination occurring behind it. Since PEA (as do the other techniques for space charge measurement) provides in-formation only on the net charge, the region of recombination would not be revealed in the form of a distinct polarity interface. Nonetheless, the onset threshold for 'permanent' EL indxates that at 60-70kV/mm charge recombination becomes sigrdkant, and thus associates charge recombination to the onset of charge packet formation as revealed by the space charge measurements. It is of course possible that packet formation is ancillary to a process that also leads to EL, such as the ability of opposite polarity charges to penetrate the insulation. Figure 8 shows the space charge profiles obtained during poling in steady conditions, at 60 and 90 kV/mm. Figure 4 , it can be seen that whde at 35 kV/mm heterocharges are located only close to the electrodes, at 60 kV/mm and, more so, at 90 kV/mm the charged regions begin to penetrate into the specimen thickness. Thus, charges of opposite sign come into contact in the insulation bulk. Thls would support the appearance of recombination phenomena. Such an explanation here would require the existence of mobile species of both polarities. Altematively only charge of one polarity need to be mobile. Heterocharge would then build up at both electrodes (and extend into the bulk) if there were a delay in charge neutralisation there.
EL would then result from recombination between the heterocharge and homocharges injected under the high heterocharge fields at the electrodes.
Conclusions
Both space charge and electroluminescence (EL) measurements can provide significant information about the processes of space charge formation and transport. A threshold for space charge formation can be detected through the threshold characteristics obtained from space charge magnitude vs field and EL intensity vs field measurements, as long as the latter experiments are carried out in the way inhcated in this paper, i.e. by measuring EL during depolarization. At higher fields, space charges occupy the insulation bulk and would tend to cross the insulation thickness through charge packets. The information coming from space charge observations is, again, in agreement with that gwen by EL measurements, which provide a threshold for permanent electroluminescence at the fields at which space charges tend to cross insulation. Electroluminescence spectra, moreover, complement space-charge measurement information indicating that the occurrence of ]packet charges is associated with recombination phenomena.
